The fourteen kinds of pressure-transmitting media were evaluated by the ruby fluorescence method at room temperature, 77 K using the diamond anvil cell (DAC) up to 10 GPa in order to find appropriate media for use in low temperature physics. The investigated media are a 1:1 mixture by volume of Fluorinert FC-70 and FC-77, Daphne 7373 and 7474, NaCl, silicon oil (polydimethylsiloxane), Vaseline, 2-propanol, glycerin, a 1:1 mixture by volume of n-pentane and isopentane, a 4:1 mixture by volume of methanol and ethanol, petroleum ether, nitrogen, argon and helium. The nonhydrostaticity of the pressure is discussed from the viewpoint of the broadening effect of the ruby R1 fluorescence line. The R1 line basically broadens above the liquid-solid transition pressure at room temperature. However, the nonhydrostatic effects do constantly develop in all the media from the low-pressure region at low temperature. The relative strength of the nonhydrostatic effects in the media at the low temperature region is discussed. The broadening effect of the ruby R1 line in the nitrogen, argon and helium media are significantly small at 77 K, suggesting that the media are more appropriate for cryogenic experiments under high pressure up to 10 GPa with the DAC. The availability of the three media was also confirmed at 4.2 K.
I. INTRODUCTION
The development of the diamond anvil cell (DAC) has revolutionized high-pressure research in various scientific fields such as physics, chemistry, geophysics, materials science and biology [1, 2] . Various types of experiments can be performed with the DAC. For instance, X-ray diffraction experiments, optical absorption and reflectivity measurements, Raman and Brillouin scattering studies, and transport and thermal measurements under high pressure above 10 GPa have become possible. These methods have been successfully applied in low temperature physics where many interesting pressure-induced phenomena such as superconductivity have been extensively studied [3, 4] .
In high-pressure experiments, nonhydrostatic effects such as inhomogeneous pressure distribution (pressure gradient) and uniaxial (deviatoric) stress need to be reduced because the effects can strongly influence the physical state of a sample. It is important to use a pressuretranmistting medium in a pressure region where it is in a liquid state. However, a liquid medium solidifies through a liquid-solid transition on cooling from room temperature. The shear stress of a solid medium causes nonhydrostatic pressure in the low temperature region.
The purpose of the present study is to evaluate the pressure-qualities of media used in low temperature physics, and in particular for the strongly correlated electron system in which novel types of physical phenomena such as non-Fermi liquid behavior or unconventional su- * Review of Scientific Instruments 80, 123901 (2009) † Electronic address: tateiwa.naoyuki@jaea.go.jp perconductivity have been extensively studied [5, 6] . The electronic state of the system is generally sensitive to small amounts of impurities or nonhydrostatic effects. A recent example is the case of the "FeAs-based superconductor" CaFe 2 As 2 in which superconductivity was discovered above 0.5 GPa in high-pressure studies using organic media [7, 8] , while it was not observed with a helium medium [9] . This discrepancy may result from sensitive structural instability to the uniaxial stress of the compound. nonhydrostatic effects cannot be avoided in the low temperature region. It is necessary to compare quantitatively the strength of the nonhydrostatic effects of various kinds of pressure-media.
Most of previous studies on pressure-media have concerned the hydrostaticity of the pressure at room temperature [10] [11] [12] [13] . Very few studies have been carried out on the pressure-qualities of media in the low temperature region up to 3 GPa [14, 15] . In this study, therefore, the fourteen kinds of pressure-transmitting media were studied by the ruby fluorescence technique up to 10 GPa at room temperature, 77 and 4.2 K.
II. EXPERIMENTAL
The fourteen kinds of investigated media are a 1:1 mixture by volume of Flourinert FC-70 and FC-77 (Flourinert FC70/77, Sumitomo 3M), Daphne 7373 and 7474 (Idemitsu Kosan), NaCl, Vaselin, silicon oil (polydimethylsiloxane with a kinematic viscosity of 1 mm 2 ·s −1 , Shin-Etsu Chemical), 2-propanol, glycerin, 1:1 mixture by volume of n-pentane and isopentane (pentane mixture), a 4:1 mixture by volume of methanol and ethanol (4:1 M-E mixture), petroleum ether (Wako Chemical Industries), nitrogen, argon and helium. The strength of the nonhydrostatic effects in the media was evaluated by the ruby (Al 2 O 3 : Cr 3+ ) fluorescence method using a clamp-type diamond anvil cell originally designed by Dunstan and Spain [16] [17] [18] . Figure 1 shows a schematic illustration of the DAC setup and the fluorescence spectra of the ruby R lines for the representative media of NaCl, glycerin, 4:1 M-E mixture and argon at 77 K and around 10 GPa. The culet of the diamond was 800 µm. A sample chamber of 400 µm in diameter was prepared in a 304 stainless steel gasket. Small ruby chips, containing 0.5 wt% of Cr 2 O 3 , were uniformly placed in the chamber filled with a pressure-transmitting medium. The diameter of the chips was less than 10 µm. It was confirmed by X-ray diffraction analysis that the chips were single crystals.
The ruby fluorescence was measured using a charged coupled device (CCD) spectrometer. More details on the optical system are given in Reference 19. A diode pumped solid-state (DPSS) green laser light (532 nm), introduced into the sample chamber through fiber optics, excited the ruby chips in the chamber. The diameter of the beam line was 600 µm, larger than that of the sample chamber. The present work reveals spatially averaged information on the nonhydrostatic effects in the whole sample chamber.
When the pressure becomes nonhydrostatic, the two R 1 and R 2 lines broaden. The pressure shift of the ruby R 1 line is sensitive to the uniaxial stress [20] [21] [22] . In the present study, a number of small ruby single crystals were uniformly placed inside the chamber with the directions of the single crystals being random. The broadening of the ruby R 1 line reflects both the inhomogeneous pressure distribution and uniaxial stress pressure.
The peak positions and line widths of the ruby R 1 and R 2 fluorescence lines were determined by deconvoluting measured R-line spectra into a pair of pseudo-Voigt functions that represent the contribution of the ruby R 1 and R 2 lines with a linear background. The pressure was determined using the hydrostatic ruby pressure scale by Zha, Mao and Hemley [23, 24] .
The pressure-transmitting medium was loaded into the sample chamber at room temperature except for nitrogen, argon and helium done using a purpose built cryogenic device at 77 or 1.4 K [17, 18] . The pressure was applied and changed at room temperature. The ruby fluorescence spectra were measured after the pressure and the width of the ruby R 1 line had been stabilized. It took several hours for the quantities to be stabilized when a medium was in a solid state under high-pressure. The DAC was slowly cooled down to 77 K and 4.2 K using liquid nitrogen and helium, respectively. It should be noted here that the pressure did not significantly change during the cooling process with the present DAC where load was maintained using springs. The difference in pressure between at 4.2 K and 300 K was in the order of a few % when organic and argon media were used. The pressure-change with the nitrogen and helium media will be discussed later. Here we note differences between the present work and the previous studies on pressure-media from a technical point of view. The references 10 and 13 reported the inhomogeneous pressure distribution inside the sample chamber at room temperature [10, 13] . The previous studies in references 11, 12, 14 and 15 revealed spatially local information on the nonhydrostatic effects around the center of the chamber as the size of the "sensors" used to detect the effects, for example the ruby chips, Cu 2 O or NaCl, was very small compared with the sample space [11, 12, 14, 15] . This work shows spatially averaged information on the nonhydrostatic effects inside the sample chamber. The observed broadening effect of the ruby R 1 line reflects both the inhomogeneous pressure distribution and uniaxial stress pressure. The purpose of the present study is to clarify the relative strength of the nonhydrostatic effects of the media in the low temperature region.
As shown in Figure 1 , the broadening effect on the R 1 line depends on the media at 77 K and around 10 GPa. A clear broadening effect was observed in the ruby R 1 lines for NaCl and glycerin. However, the lines for the 4:1 M-E mixture and argon are comparably sharper. Therefore, it is possible to discuss the relative strength of the nonhydrostatic effects of the media from the width of the ruby R 1 line.
III. RESULTS
In this section, we show the pressure dependence of the full-width at half maximum (FWHM) of the ruby R 1 line with the media. The pressure dependence was studied At room temperature, the FWHMs start to increase above the solidification pressures. The value of FWHMs for the media is about 1.1 nm at 10 GPa, indicating strong nonhydrostatic effects. A strong broadening effect was also observed at 77 K. The value of ∆FWHMs for the media is about 0.7 nm at 10 GPa. The present results suggest that they are not suitable media in the higher-pressure region.
Figure 2 (c) shows the pressure dependences of the FWHMs for the solid medium of NaCl at room temperature and 77 K. The FWHMs at both temperatures increase non-linearly in the lower pressure region below 1 GPa and show a tendency to saturate at the high pressure region above 5 GPa. The pressure dependence is quite different from those of liquid media. The value of ∆FWHM at 10 GPa is about 0.5 nm at 77 K. It is suggested that the hydrostatic pressure is realized in a very small pressure region even at room temperature.
The results of the NaCl medium are compared with those of previous studies that reported the pressure distribution inside a sample chamber filled with the NaCl medium becomes spatially inhomogeneous above 4 GPa at room temperature [10] . It should be noted, however, that the observed broadening effect in the present study reflects both the uniaxial stress and inhomogeneous pressure distribution inside the chamber, as mentioned in the previous section. This suggests that uniaxial stress is the main cause of the broadening effect in the low-pressure region.
We show the experimental results with the silicon oil and Vaseline. Silicon oils such as polydimethylsilioxane, polyethylsiloxane and hexamethyldisiloxane have been accepted as good media for a long time [28] [29] [30] However, there have been no reports on its suitability as a pressure-medium as far as is known. Figure 3 (a) and (b) show the pressure dependences of the FWHMs with silicon oil and Vaselin at room temperature and 77 K. The FWHMs start to weakly increase above 3 GPa. The ruby R 1 lines for the media do not show a strong broadening effect at 10 GPa, thus indicating weaker nonhydrostatic effects of the media compared with those of the former media. Previous studies have pointed out that silicon oil is as good a pressure medium as the 4:1 mixture of methanol and ethanol up to 20 GPa at room temperature [33, 34] . However, a small but finite broadening effect does appear above 3 GPa, thus suggesting the pressure-quality of the silicon oil to be lower than that of the 4:1 methanol-ethanol mixture. At 77 K, the FWHMs for the media increase rapidly with increasing pressure above about 1 GPa. The value of the ∆FWHMs for the media at 10 GPa is about 0.5 nm, comparable with that of NaCl.
B. Group II: 2-propanol, glycerin and Daphne 7474
The secondary alcohol of 2-propanol (Isopropanol: CH 3 CH(OH)CH 3 ) has been accepted as a good pressuretransmitting medium in high pressure studies. The hydrostatic-limit pressure of 2-propanol was determined to be 4.2 GPa by the ruby fluorescence method at room temperature [10] . The trivalent alcohol of glycerin (glycerol, C 3 H 5 (OH) 3 ) has been used mainly for medical purposes but also in the high-pressure studies for a long time [35, 36] . Osakabe and Kakurai pointed out that glycerin is the most suitable pressure-medium for use in neutron scattering experiments under high pressure up to 7 GPa [12] . There have been no reports on the hydrostatic-limit pressure of the glycerin medium. Daphne 7474 is a transparent and chemically non-reactive medium recently developed by Murata et al. [37] . The solidification pressure of Daphne 7474 was reported to be 3.7 GPa at room temperature.
Figures 4 (a), (b) and (c) show the pressure dependences of the FWHMs for 2-propanol, glycerin and Daphne 7474 at room temperature and 77 K. At room temperature, the FWHMs for 2-propanol and Daphne 7474 start to increase roughly above the solidification pressures [10, 37] . The FWHM for the glycerin medium starts to increase above 5 GPa, which roughly corresponds to the solidification pressure at room temperature [38] . This suggests the hydrostatic-limit pressure to be about 5 GPa at room temperature. At 77 K, the FWHMs of the three types of media show different pressure dependences. The FWHMs for 2-propanol and Daphne 7474 weakly increase in the low-pressure region below 5 GPa but then strongly increase above the pressure. The pressure dependence of the FWHM for the glycerin medium shows a complex behavior: it increases non-linearly below 1 GPa, shows a tendency to saturate above 2 GPa, and then strongly increases again with increasing pressure above 5 GPa. The values of the ∆FWHMs for the three media are less than 0.2 nm at 5.0 GPa, significantly smaller than those of the media in Group I. However, the values of the ∆FWHMs at 10 GPa are comparable with those of the media in Group I.
The value of the FWHM with glycerin is larger than those of some of the media in Group I, for example, Daphne 7373 and silicon oil, below 2 GPa, thus suggesting the strength of the nonhydrostatic effects with the glycerin medium to be larger than those of the two media. This is consistent with a previous evaluation of pressure-media by the 63 Cu-NQR spectra of Cu 2 O at 4.2 K [15] .
C. Group III: 1:1 mixture of n-pentane and isopentan, 4:1 mixture of methanol and ethanol, petroleum ether, nitrogen, argon and helium.
We firstly show the results of the 1:1 mixture by volume of n-pentane and isopentane (pentane mixture), the 4:1 mixture by volume of methanol and ethanol (4:1 M-E mixture) and the petroleum ether. The pentane and 4:1 M-E mixtures have been widely used in high-pressure studies for a long period of time [10, 39] . The hydrostatic-limit pressures at room temperature were determined by the ruby fluorescence method to be 7.3 and 10.5 GPa for the pentane and 4:1 M-E mixtures, respectively [10] . Petroleum ether (benzine or petroleum naphtha) is a group of liquid hydrocarbon mixtures whose main components are isohexan and n-pentane. It has been mainly used as an industrial washing solution but also in highpressure studies for a long time [40, 41] . However, there have been no reports on the hydrostatic-limit pressure as far as is known. Figures 5 (a), (b) and (c) show the pressure dependences of the FWMHs of the three organic media at room temperature and 77 K.
At room temperature, the FWHMs with the three media do not show any strong increase. The FWHM for the pentane mixture starts to weakly increase above the hydrostatic pressure of 7.3 GPa. The FWHM for the 4:1 M-E mixture starts to weakly increase above 8 GPa, smaller than the hydrostatic-limit pressure of 10.5 GPa determined at 297 K [10] . It has been reported that the liquid-glass transition pressure P glass is sensitive to temperature [42] . The value of P glass in the present experiments at T = 283 ± 3 K is estimated to be 8.5 ± 0.5 GPa, which is consistent with the present result. The FWHM for petroleum ether does not show any clear increase around P glass of 6 GPa [43] . It is suggested that the mechanical strength (yield and shear strength) of solid petroleum ether is not strong enough to distort the ruby crystal. At 77 K, the FWHMs for the three media weakly increase with increasing pressure below 5 GPa. The values of the ∆FWHMs at 5 GPa are less than 0.1 nm. The FWHM for the pentane mixture shows a comparably stronger increase above 8 GPa. The values of the ∆FWHMs for the media are less than 0.3 nm at 10 GPa. Finally, we show the results of nitrogen, argon and helium. It is well-known that these elements produce good hydrostatic pressure at room temperature [44] [45] [46] [47] . The hydrostatic limit pressures at room temperature were determined to be 13, 9 and 30 GPa for nitrogen, argon and helium, respectively. The previous work carried out up to 3 GPa revealed that helium does not provide any nonhydrostaticity even at 4.2 K and that argon provides slightly less hydrostaticity but with a slight improvement over the 4:1 mixture of methanol and ethanol [14] .
Figures 6 (a), (b) and (c) show the pressure dependences of FWHMs for nitrogen, argon and helium, respectively, at room temperature, 77 and 4.2 K. At room temperature, the FWHMs for the media weakly decrease with increasing pressure, which is a characteristic feature when the pressure is hydrostatic [10] . At 77 K, the FWHMs for the media very weakly increase with increasing pressure. The value of the ∆FWHMs for the helium medium in particular is less than 0.1 nm below 10 GPa. The values of FWHMs for the media at 4.2 K are the same as those at 77 K within experimental errors.
The present work reveals the suitability of nitrogen, argon and helium as pressure-media for cryogenic experiments with DACs. The helium medium has been frequently used in X-ray diffraction experiments. But the application of the medium in electrical transport measurement has not remarkably advanced, apart from in a few studies [48, 49] . This is due to the large compressibility of helium in the low-pressure region [50] . Meanwhile, the compressibility of nitrogen and argon are smaller than that of helium [51, 52] . The two media can be safely used in electrical transport measurements with DACs [53, 54] .
It is interesting to introduce a recent work by Klotz et al. in which a weak deviation from the homogenous pressure in the sample space of the DAC was thoroughly studied using eleven kinds of pressure-media at room temperature [13] . They pointed out that the pressure quality of the argon medium is worse than that of the nitrogen medium above 2 GPa, even at room temperature. Unfortunately, the small pressure gradient could not be detected in this study as the broadening effect reflects the spatially averaged information on the nonhydrostatic effects in the sample chamber. It is noted, however, that the FWHM (or ∆FWHM) with the argon medium is slightly larger than with nitrogen above 8 GPa at 77 K.
The pressure change during the cooling process (∆P/P = (P (77K) − P (R.T))/P (R.T)) is in the order of few % for the organic and argon media with the present DAC. However, the values of ∆P/P for the helium and nitrogen media are about 30 and 40 %, respectively, at 2 GPa. The pressure change decreases with increasing pressure. The change is in the order of a few % above 5 GPa with the nitrogen medium and is 10 % at 10 GPa with the helium medium. This pressure change could be a disadvantage when the temperature dependence of a physical quantity is measured in a wide temperature region. Also, a large change of pressure in the low temperature region could cause the nonhydrostatic pressure, making a damage to a sample even if the helium medium is used [55] .
IV. DISCUSSION AND CONCLUSION
In this section, the relative strength of the nonhydrostatic effects in the media is discussed from the line widths of the ruby R 1 line. For the sake of simplicity, the individual data points are omitted and only the guide (fitted) lines for the FWHMs at 77 K in Figures 2 -6 are compared. To discuss the pressure effect clearly, the ambient pressure width FWHM(0) is subtracted from the guide line: ∆FWHM = FWHM(P ) -FWHM(0). Here FWHM(0) was determined for each of the media. Figure  7 shows the pressure dependences of ∆FWHMs for all the media.
The ∆FWHMs for the media in Group I show the large value of above 0.3 nm at 5.0 GPa, indicating the strong nonhydrostatic effects of the media. Although some of the media in the group have advantages for use in high-pressure experiments, they are not suitable media in cryogenic experiments with the DAC at the higherpressure region. The nonhydrostatic effects of the media in Group II are smaller than those of the media in Group I below 5 GPa. However, the effects become stronger above the pressure and are comparable with those of the media in the former group around 10 GPa. The effects of the media in Group III are smaller than those of the media in the other groups, even in the low temperature region, up to 10 GPa. In particular, the broadening effect of the ruby R 1 line in the nitrogen, argon and helium media are significantly small, suggesting that the media are more appropriate for cryogenic experiments with the DAC.
Finally, we mention some notes for interpretation of the present results from different points of views.
(1) The present results are applicable in high-pressure studies using opposed anvil type high-pressure cells (DAC and Bridgman cells) but not simply in studies using multi-anvil type high-pressure cells such as a cubic anvil cell or Kawai-type (6-8) multi anvil high-pressure cell where a sample with a medium is pressed by six or eight anvils [56] [57] [58] . Pressurizing a sample highly symmetrically generally reduces the nonhydrostaticity of the pressure caused by a solid pressure medium and therefore achieves a good hydrostatic pressure.
(2) Ruby crystals are relatively stiff material with a bulk modulus of 253 GPa [16] . If the material to be studied is strain sensitive or has mechanical strength smaller than the ruby crystal, the nonhydrostatic effects could influence the physical properties of the material, even though the broadening of the ruby R 1 line would be small or absent. There are usually discrepancies between hydrostatic-limit pressures determined using different methods for one pressure-medium. An extreme example is the nonhydrostatic effects on elastically soft quartz (SiO 2 ) with a bulk modulus of 37.1 GPa [11] .
(3) Some of the organic media in Groups II and III could chemically react with organic materials. There is a possibility that small argon and helium atoms could pen-etrate into samples with a cage structure, like fullerenes of C 60 and C 70 [59] . 
